Reply to Comment on "Bare quark matter surfaces of strange stars and
  $e^+e^-$ emission" by Usov, V. V.
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Usov Replies: In the recent Letter [1] I have shown
that the Coulomb barrier at the quark surface of a hot
strange star may be a powerful source of e+e− pairs.
These are created in a very strong electric field, E ≫
Ecr ≃ 1.3 × 10
16 V cm−1, of the barrier and flow away
from the stellar surface. The flux of e+e− pairs from
the quark surface with a given temperature was calcu-
lated in Ref. [1]. In the Comment [2] Mitra claims that
the process of pair creation rapidly leads to quenching
of the surface electric field, and in a steady state, the
value of E at the quark surface is well below the crit-
ical value, E ≪ Ecr. However, this claim is incorrect
because the electric field of the Coulomb barrier at the
quark surface cannot be quenched for a long time in prin-
ciple. The point is that there are some electrons in quark
matter to neutralize the electric charge [3,4]. The elec-
trons are bound to the quark matter by the electromag-
netic interaction and not by the strong force, and the
Coulomb barrier with a very strong electric field has to
exist at the quark surface to prevent the electrons from
escaping to infinity [3,4]. Even if the Coulomb barrier
is quenched at some moment, the electron distribution
would extend very fast up to the distance ∆R ∼ 10−10
cm above the quark surface, and the Coulomb barrier
would be restored in ∼ ∆R/c ∼ 3 × 10−21 s. Here, it
is taken into account that the Fermi energy of electrons
in quark matter is much higher than their rest energy,
εF ≫ mc
2, and the mean velocity of electrons is about
the speed of light c [3,4]. The surface layer with a very
strong electric field at the quark surface is similar, in
some respects, to a parallel plate capacitor which is con-
nected to a voltage source. The electrons of quark matter
may be considered as such a source which gives a poten-
tial drop of εF/e ≃ 2× 10
7 V across the Coulomb barrier
at the quark-matter surface [3,4], where e is the electron
charge.
The energy of created electrons, ε ≤ ε
F
− 2mc2, is
smaller than the mean energy of electrons in the surface
layer with a very strong electric field, E >∼ Ecr, where
the pair creation process occurs [1]. Therefore, the pair
creation leads to cooling of electrons in the surface layer.
The thermal energy which is stored in electrons in this
layer and may be converted into the energy of created
pairs is We ≃ 4piR
2∆Rne(kTS)
2/ε
F
, where R ≃ 106 cm
is the radius of the star, ne ≃ 3× 10
34 cm−3 is the den-
sity of electrons in quark matter and ε
F
≃ 20 MeV [3,4].
Even if the surface temperature TS is as high as 10
11 K,
the value ofWe is small, We ∼ 10
32 ergs, i.e. the thermal
energy of electrons in the surface layer cannot support a
high e+e− emission from a strange star for a long time.
To find the time evolution of both the surface temper-
ature of a hot strange star and its luminosity in e+e−
pairs it is necessary to solve the problem of heat transfer
from the stellar interior to the quark-matter surface.
It is true that the time scale for diffusion of both elec-
trons and photons from the interior of a strange star to
its surface is very large, te ∼ 10
12 − 1013 s. For a very
hot strange star, the energy transport can take place on a
time scale of ∼ 10 s not only via neutrinos or other par-
ticles having a weak interaction cross-section, and also
via convection. Indeed, when a hot strange star is cool-
ing from its surface because of the pair production, a cold
dense layer forms in the surface vicinity. This layer is un-
stable with respect to convective disturbances [5,6] if the
Rayleigh number R˜ = αg∆Th3/kν is larger than ∼ 103,
where g ≃ 1014 cm s−2 is the acceleration of gravity at the
strange-star surface, k is the thermometric conductivity,
ν is the kinematic viscosity, α is the coefficient of thermal
expansion, ∆T is the temperature change in the layer and
h is the depth of the layer. At ∆T ≃ T ≃ 1011 K, we have
[7] k ≃ 0.1 cm2 s−1, ν ≃ 1 cm2 s−1, α ≃ 10−14 K−1 and
R˜ ≃ 1012(h/1 cm)3. In this case, the surface layer which
is initially isothermal begins to manifest convective be-
havior, R˜ >∼ 10
3, in ∼ h2/k ≃ 10−5 s when the depth of
cooled quark matter is h ∼ 10−3 cm. Since a buoyancy
force per unit volume is g∆ρ = gαρ∆T , the time-scale
for the convection is roughly tc ∼ (R/αg∆T )
1/2 ≃ 0.003
s, here ρ is the quark-matter density. This is a very
rapid rate of the thermal energy transport which is able
to support a very high temperature, T
S
>
∼ a few ×10
10
K, at the surface of a young strange star at least for a
few seconds after the strange star formation. A detailed
consideration of both the thermal energy transport and
the luminosity of a very hot strange star in e+e− pairs is
under way and will be addressed elsewhere.
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